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Calmodulin Mediates Calcium-Dependent
Inactivation of the Cerebellar Type 1
Inositol 1,4,5-Trisphosphate Receptor
modulates various neuronal processes, such as excit-
ability, associativity, neurotransmitter release, synaptic
plasticity, and gene transcription (Berridge, 1998). There
is less information on the regulatory mechanism of these
processes by Ca21, but there is increasing evidence that
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induced Ca21 release could occur in the presence ofJapan
IP3. In other words, the neuronal cytoplasm may be con-
verted to an excitable medium (Lechleiter and Clapham,
1992) in the presence of IP3. The negative feedbackSummary
effect of Ca21 might determine the spatial and temporal
patterns of Ca21 signaling by limiting the amount of Ca21The dependency of purified mouse cerebellar type 1
being released. Therefore, this positive and negativeinositol 1,4,5-trisphosphate receptor (IP3R1)/Ca21 chan-
feedback regulation by Ca21 has been proposed as onenel function on cytoplasmic Ca21 was examined. In
of the essential ingredients for generating the complexcontrast to the channels in crude systems, the purified
patterns of intracellular Ca21 (Berridge, 1997, 1998).IP3R1 reconstituted into planar lipid bilayers did not
The IP3 receptor (IP3R) is an IP3-gated Ca21 releaseshow the bell-shaped dependence on Ca21. It was acti-
channel localized on intracellular Ca21 stores such asvated with increasing Ca21 sublinearly without inhibi-
endoplasmic reticulum (ER) (Ferris and Snyder, 1992;tion even up to 200 mM. The addition of calmodulin to
Mignery and SuÈ dhof, 1993; Mikoshiba, 1993). Molecularthe cytoplasmic side inhibited the channel at high Ca21
cloning studies showed that there are at least threeconcentrations. Calmodulin antagonists reversed the
types of IP3R (IP3R1, IP3R2, and IP3R3) (Furuichi et al.,Ca21-dependent inactivation of the native channels in
1994). Four IP3R subunits are assembled to form a func-cerebellar microsomes. These results indicate that the
tional channel (Maeda et al., 1991), and both homotetra-bell-shaped dependence on cytoplasmic Ca21 is not an
meric and heterotetrameric channels are detected (Mon-intrinsic property of the IP3R1, and the Ca21-dependent
kawa et al., 1995). The IP3R1 is dominantly expressedinactivation is directly mediated by calmodulin.
in neuronal cells throughout the central nervous system
(Worley et al., 1989; Nakanishi et al., 1991; Furuichi et
al., 1993). Therefore, the bell-shaped Ca21 dependenceIntroduction
has been thought to be a property of the homotetrameric
IP3R1 channel. However, the molecular mechanism ofThe transduction of many hormonal and neurotransmit-
the biphasic regulation by Ca21, especially means byter stimuli is mediated by the intracellular second mes-
which the cytoplasmic Ca21 concentration ([Ca21]c) issenger inositol 1,4,5-trisphosphate (IP3) (Berridge, 1993).
sensed, is not well known. The IP3R1 is structurally di-IP3 releases Ca21 from intracellular stores and triggers
vided into three functional domains: an amino-terminalcomplex temporal and spatial patterns of cytoplasmic
ligand-binding domain, a modulatory/coupling domain,Ca21 changes, such as single transients, repetitive oscil-
and a channel domain near the carboxy terminus (Mig-lations, sustained increases, and intracellular and inter-
nery and SuÈ dhof, 1993; Furuichi and Mikoshiba, 1995).cellular waves (Fewtrell, 1993; Berridge and Dupont,
Multiple Ca21-binding sites were detected within all the1994; Clapham, 1995). This IP3/Ca21 signaling pathway
three domains of the IP3R1 (Mignery et al., 1992; Sienaert
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Figure 1. Single-Channel Currents of the Purified IP3R Reconstituted into Planar Lipid Bilayers
(A) Mouse cerebellar microsomes (10 mg, lane 1) and immunoaffinity-purified IP3R (0.24 pmol, lane 2) from mouse cerebellum were analyzed
by 5% SDS-PAGE and stained with Coomassie brilliant blue R-250. Molecular size markers are shown on the left (31023).
(B) Heparin-sensitive currents detected after the addition of the purified IP3R into the cis side. Channels were recorded in a symmetrical 250
mM KCl solution at 260 mV in the presence of 100 nM IP3. The horizontal lines denote baseline current in this and following figures. Records
were filtered at 500 Hz. A similar inhibitory effect of heparin was observed in three independent experiments.
(C) Single-channel open probabilities as a function of IP3. Open probabilities (P) from three independent experiments were normalized to the
maximal open probabilities (Pmax) observed in each experiment. Data was fitted with the equation:
P
Pmax
5
[IP3]n
KDn 1 [IP3]n
(1)
where KD represents an apparent dissociation constant and n represents Hill coefficient. Fitted parameters are described in the text.
(D) IP3-dependent currents at various holding potentials. Holding potentials are indicated at the left side of each record. Channels were
recorded in a symmetrical 250 mM KCl solution in the presence of 100 nM IP3. Records were filtered at 600 Hz.
(E) Single-channel current±voltage relationship of the IP3-dependent currents. The slope conductance is 57 6 4 pS (mean 6 SD, n 5 3). The
current reversal is z0 mV.
in crude membrane fractions (Bezprozvanny et al., 1991; to confer the steep Ca21 dependence of the IP3R1. Our
findings provide us with new insight into the active regu-Finch et al., 1991).
The IP3R1 is highly expressed in cerebellar Purkinje lation of the Ca21 sensitivity of the IP3R1 during the
process of intracellular Ca21 dynamics.cells (Ross et al., 1989; Furuichi et al., 1993). By using
an IP3R1-specific polyclonal antibody, we have estab-
lished a method to obtain an almost homogeneous pop- Results
ulation of purified IP3R1 from mouse cerebellum, the
richest source of the IP3R1 (Nakade et al., 1994; Hirota IP3R was purified from mouse cerebellum in a single
step using an immunoaffinity column conjugated withet al., 1995). Purified IP3R1 retains a tetrameric structure
(Nakade et al., 1994) and Ca21 channel activity in recon- an anti-IP3R1 antibody (Figure 1A). The purified IP3R
was almost homogeneously composed of IP3R1 andstituted lipid vesicles (Nakade et al., 1994; Hirota et al.,
1995). In the present study, we have analyzed the Ca21 mediated IP3-dependent Ca21 flux in reconstituted lipid
vesicles as described previously (Nakade et al., 1994;sensitivity of the purified IP3R1 reconstituted into planar
lipid bilayers to examine the molecular mechanism of Hirota et al., 1995). To measure the single-channel cur-
rents of the purified IP3R, we fused proteoliposomesthe biphasic regulation by cytoplasmic Ca21. The results
indicate that calmodulin (CaM) works as a Ca21 sensor containing the purified IP3R into planar lipid bilayers.
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Figure 2. Cytoplasmic Ca21 Dependency of the Purified IP3R
(A) Single-channel currents of the purified IP3R at various [Ca21]c. Channels were recorded at 260 mV in the presence of 200 nM IP3 in the
cis side. Openings are downward. Records were filtered at 500 Hz.
(B) Single-channel open probabilities of the purified IP3R as a function of [Ca21]c. A typical result from the experiment in which only one
channel was reconstituted into planar lipid bilayers is shown. The fitting curve obeys the approximate relationship P ~ [Ca21]0.25. Results are
representative of four independent experiments.
After addition of the proteoliposomes into the cis side, 1C, the current showed a similar IP3 dependency to
that of the IP3R in planar lipid bilayers fused with crudestepwise currents appeared in the presence of IP3 (Fig-
ure 1B). The current was completely inhibited by the cerebellar microsomes (Figures 4A and 4B). Single-
channel open probability was half maximal at 220 nMaddition of heparin, a competitive blocker of the IP3R,
into the cytoplasmic side (Figure 1B). As shown in Figure IP3 with a Hill coefficient of 2.0 (Figure 1C). These values
Figure 3. CaM Inhibits the Purified IP3R Activated at High [Ca21]c
Sequential records before (A) and after addition of 10 mM (B) or 20 mM CaM (C) are shown. Channels were recorded at 260 mV in a symmetrical
250 mM KCl solution in the presence of 200 nM IP3. [Ca21]c before addition of CaM was 200 mM. Continuous 5 s records filtered at 600 Hz
are shown. Results are representative of four independent experiments.
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Figure 4. IP3R in Planar Lipid Bilayers Fused with Mouse Cerebellar Microsomes
(A) Single-channel currents of the microsomal IP3R. Channels were recorded at 220 mV with 53 mM trans Ba21 as a charge carrier. Records
were filtered at 500 Hz. In the experiment shown, at least two channels were incorporated into the planar lipid bilayers.
(B) Single-channel open probabilities of the microsomal IP3R as a function of IP3. Averages of normalized open probabilities from five
independent experiments are plotted. Data was fitted with Equation 1. Fitted parameters were described in the text.
(C) Heparin sensitivity of the microsomal IP3R. Data were normalized to the open probabilities before the addition of heparin or de-N-sulfated
heparin (lane 1). Lane 2, 100 mg/ml de-N-sulfated heparin (n 5 5); lane 3, 100 mg/ml heparin (n 5 7). Error bars correspond to standard
deviation.
(D) Single-channel currents of the microsomal IP3R at various holding potentials. Holding potentials are indicated at the left side of each
record. Records were filtered at 500 Hz.
(E) Single-channel current±voltage relationship of the microsomal IP3R. The slope conductance is 100 6 14 pS (mean 6 SD, n 5 5).
are also close to those obtained by measuring the IP3- inactivation is mediated by other molecule(s), which
might be removed from the IP3R1 during the purificationinduced Ca21 efflux from proteoliposomes containing
the purified IP3R (EC50 5 100 nM, nH 5 1.8) (Hirota et al., process.
We have demonstrated that purified mouse cerebellar1995). In symmetrical 250 mM KCl solutions, the channel
displayed a slope conductance of 57 6 4 pS (mean 6 IP3R binds CaM in a Ca21-dependent manner (Maeda et
al., 1991) and that a CaM-binding site is localized withinSD, n 5 3; Figures 1D and 1E). There was no detectable
subconductance level. The relationship between cur- residues 1564±1585 of the mouse IP3R1 (Yamada et al.,
1995). The dissociation constant between CaM and therents and applied membrane voltage was linear (Figure
1E), indicating that the channel is ohmic. The 57 pS synthetic peptide corresponding to the residues 1564±
1585 in the presence of 2 mM Ca21 was estimated tochannel was weakly voltage dependent. A change of
about 100 mV was needed to obtain an e-fold change be 0.7 mM (Yamada et al., 1995). We found that the
addition of 10 mM CaM to the cytoplasmic side causedin the open probability (data not shown), consistent with
the previous recordings of canine cerebellar IP3R (Wat- a significant reduction of the open probability of the
purified IP3R, which was activated by 200 nM IP3 andras et al., 1991). These results indicate that the purified
IP3R1 in planar lipid bilayers forms the 57 pS channel 200 mM Ca21, from 0.31 to 0.14 (Figures 3A and 3B).
Further addition of CaM to 20 mM completely blockedunder the conditions used.
To investigate the cytoplasmic Ca21 dependency of the current (Figure 3C). Similar inhibitory effects of CaM
were observed by measuring IP3-dependent 45Ca21 influxthe purified IP3R, [Ca21]c was varied from 0.15 to 200
mM. We found that the purified IP3R behaved differently into liposomes containing the purified cerebellar IP3R1
(J. H. et al., unpublished data). This dose-dependentfrom the microsomal IP3R upon changing [Ca21]c. As
shown in Figure 2, open probability of the purified IP3R inhibitory effect of CaM at high [Ca21]c suggested that
the Ca21-dependent inactivation of the microsomal IP3Rincreased sublinearly with [Ca21]c. There was no Ca21-
dependent inactivation up to 200 mM Ca21. These results is directly mediated by endogenous CaM.
The membrane fractions of cerebellum contain a con-indicate that the Ca21-dependent activation is an intrin-
sic property of the IP3R1, whereas the Ca21-dependent siderable amount of CaM that is hard to release even
CaM Mediates Ca21-Dependent Inactivation of IP3R1
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Figure 5. Liberation from the Ca21-Dependent Inactivation of the Microsomal IP3R by W-7
(A) Ca21-dependent inactivation of the microsomal IP3R. Channels were recorded at 220 mV in the presence of 2 mM IP3. Records were filtered
at 500 Hz. In the experiment shown, at least two channels were incorporated into the planar lipid bilayers.
(B) Single-channel open probabilities of the microsomal IP3R at 2 mM IP3 as a function of [Ca21]c. Data from 12 independent experiments were
normalized to the maximum channel activity observed in each experiment. The averages of the normalized open probability are plotted. Error
bars correspond to standard deviation. The absolute values of the open probability at the optimum [Ca21]c were in the range of 0.017±0.157.
(C) Effect of W-7 on the microsomal IP3R inactivated by 2.18 mM Ca21. Channels were recorded at 220 mV in the presence of 2 mM IP3. In
the experiment shown, at least two channels were incorporated into the planar lipid bilayers. Application of 500 mM of W-7 had no effect on
the Ca21 concentration in the solution used. W-7 alone did not evoke any currents in the planar lipid bilayers fused with cerebellar microsomes.
A similar inhibitory effect of heparin was observed in three independent experiments. Records were filtered at 500 Hz.
(D) Dose-dependent restoration of the inactivated IP3R by W-7. The activity of the microsomal IP3R was measured in the presence of 2 mM
IP3 at 2.18 mM [Ca21]c. Open probabilities were normalized to the Pmax observed at the optimum [Ca21]c in each experiment. The averages of
five independent experiments were plotted. Error bars correspond to standard deviation. Application of more than 500 mM W-7 was difficult
because high concentrations of W-7 facilitated breakage of planar lipid bilayers.
by extensive washing with EGTA (Kakiuchi et al., 1982). Ehrlich, 1994). The subconductance levels were hardly
detected with Ba21 as described previously (Bezproz-To further confirm the involvement of CaM in the Ca21-
dependent inactivation of the cerebellar IP3R1, we ex- vanny and Ehrlich, 1993).
As previously reported using guinea pig smooth mus-amined whether CaM antagonists could reverse the in-
activation of the IP3R in the planar lipid bilayers fused cles (Iino, 1990), canine cerebellum (Bezprozvanny et al.,
1991), and rat brain synaptosomes (Finch et al., 1991), inwith crude cerebellar microsomes. Figure 4A shows the
IP3-dependent, heparin-sensitive Ba21 currents medi- the presence of 2 mM IP3 the mouse cerebellar micro-
somal IP3R exhibited a biphasic Ca21 dependence withated by the microsomal IP3R reconstituted into planar
lipid bilayers. Single-channel open probability of the mi- maximum activity at approximately 0.5 mM. In the experi-
ment shown in Figure 5A, the microsomal IP3R revealedcrosomal IP3R was half maximal at 350 nM with a Hill
coefficient of 2.1 (Figure 4B). The microsomal IP3R was a maximum channel activity at 0.56 mM Ca21 and was
almost completely inactivated at 2.18 mM Ca21. At thiscompletely blocked by the addition of heparin into the
cis side (Figures 4A and 4C). De-N-sulfated heparin was inhibitory concentration of Ca21, addition of the CaM
antagonist N-(6-aminohexyl)-5-chloro-1-naphthalene-less effective in blocking the channel (Figures 4A and
4C). The microsomal IP3R displayed a main slope con- sulfonamide hydrochloride (W-7) (Hidaka et al., 1981)
into the cytoplasmic side restored the currents in a dose-ductance of 100 6 14 pS (mean 6 SD, n 5 5) with 53
mM Ba21 as a charge carrier (Figures 4D and 4E). The dependent manner (Figures 5C and 5D). A concentra-
tion of W-7 of 400 mM or more was effective to restoreslope conductance was close to that of the canine cere-
bellar microsomal IP3R (85 6 3 pS) (Bezprozvanny and the currents. The W-7 restored currents have similar
Neuron
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Figure 6. Liberation from the Ca21-Dependent Inactivation of the Microsomal IP3R by the CaM-Binding Domain Peptide of CaMKII
(A) Effects of the CaM-binding domain of CaMKII on the microsomal IP3R inactivated at 2.18 mM [Ca21]c. Channels were recorded at 220 mV
in the presence of 2 mM IP3. In the experiment shown, at least two channels were incorporated into the planar lipid bilayers. Records were
filtered at 500 Hz. Results are representative of three independent experiments.
(B) Comparison between the currents of the microsomal IP3R recorded at optimum [Ca21]c and the currents restored by the addition of the
CaM-binding domain peptide. Channels were recorded at 220 mV in the presence of 2 mM IP3. Records were filtered at 1 kHz.
single-channel kinetics with the cerebellar IP3R (data not In the presence of W-7, the channels were activated
with increasing Ca21 sublinearly without inhibition. It isshown) and were sensitive to heparin (Figure 5C), indi-
cating that W-7 liberated the cerebellar microsomal IP3R noteworthy that the Ca21 dependency of the W-7-
treated microsomal IP3R (Figure 7B) is quite similar tofrom the inactivated state induced by high [Ca21]c. Simi-
lar liberation of the microsomal IP3R from the inactivated that of the purified IP3R (Figure 2B). These results indi-
cate that CaM is a major regulatory protein that confersstate was observed by the addition of the peptide corre-
sponding to the CaM-binding domain of Ca21/CaM- the steep Ca21 dependence of the cerebellar IP3R1 at
physiological concentrations of Ca21.dependent protein kinase II (CaMKII). This peptide is a
potent and specific CaM antagonist (Payne et al., 1988).
At least 25 mM CaM-binding domain peptide was suffi- Discussion
cient to restore the currents (Figure 6A). The currents
restored by the CaM-binding domain peptide were sen- One of the most important features of IICR is its steep
dependence on [Ca21]c. The IP3R1 is activated only in asitive to heparin (Figure 6A) and have similar single-
channel kinetics to the current recorded at the optimal narrow range of Ca21 concentrations, and, therefore,
small changes of [Ca21]c seem to greatly affect the activ-[Ca21]c (Figure 6B).
To investigate the role of CaM in the cytoplasmic Ca21 ity of the IP3R1. This property contrasts with that of the
ryanodine receptor (RyR), another type of intracellulardependency of the cerebellar IP3R1, we have measured
the Ca21 dependency of the CaM-stripped microsomal Ca21 release channel, which is activated over a wide
range of [Ca21]c (Ashley and Williams, 1990; Bezproz-IP3R in the presence of a CaM antagonist. We chose W-7
for this kind of experiment because the CaM-binding vanny et al., 1991). Our results indicate that this steep
Ca21 dependence arises from the molecular interactiondomain peptide destabilized the planar lipid bilayers
more frequently than W-7. After the IP3-dependent cur- between IP3R1 and CaM, which is a ubiquitous and
multifunctional Ca21-dependent regulator protein withrents were detected at 0.29 mM [Ca21]c, 400 mM W-7
was added into the cis side. At this concentration of four Ca21-binding sites (Means and Dedman, 1980). We
have demonstrated that CaM binds a single site of theCa21, the effect of W-7 was relatively small (about 2-fold
increase in open probability of the channel). At higher IP3R1 in a Ca21-dependent manner (Yamada et al., 1995).
Since the IP3R/channel is composed of four subunitsconcentrations of Ca21, however, W-7 drastically changed
the activity of the microsomal IP3R (Figures 7A and 7B). (Maeda et al., 1991), four CaM molecules and a total of
CaM Mediates Ca21-Dependent Inactivation of IP3R1
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Figure 7. Ca21 Dependency of the Microsomal IP3R in the Presence of 400 mM W-7
(A) Single-channel currents were measured in the presence of 2 mM IP3 at 220 mV. In the experiment shown, at least five channels were
incorporated into the planar lipid bilayers. Records were filtered at 600 Hz.
(B) Single-channel open probabilities of the microsomal IP3R in the presence of 400 mM W-7 as a function of [Ca21]c. Data from four independent
experiments were shown (mean 1 SD, closed circles). Single-channel open probabilities of the microsomal IP3R without W-7 were shown as
closed triangles. All data were normalized to the open probability observed at 0.29 mM [Ca21]c in the absence of W-7. The fitted curve for the
data obtained in the presence of W-7 obeys the approximate relationship P ~ [Ca21]0.8.
16 Ca21 ions might be involved in the inactivation pro- Therefore, negative feedback regulation of Ca21 medi-
ated by CaM might contribute to determine the rangecess for a single homotetrameric IP3R1 channel. These
of Ca21 signals. It is noteworthy that CaM is compart-structual features might produce the steepness of the
mentalized within cells, and its distribution is dynami-sensitivity of IP3R1 on the cytoplasmic Ca21. It is interest-
cally changed upon elevation of cytoplasmic Ca21 (Luby-ing to note that the cytoplasmic Ca21 sensitivity of the
Phelps et al., 1995). These observations and our findingspurified IP3R1 (Figure 3) is quite similar to that of the
described here suggest that the Ca21 sensitivity of thecardiac RyR (Ashley and Williams, 1990). The primary
IP3R1 is not uniform within cells and is actively regulatedsequences of the IP3R and RyR have regions of homol-
during the process of intracellular Ca21 dynamics. Re-ogy (Furuichi et al., 1989), and, therefore, the intrinsic
cently, Missiaen et al. (1999) showed that the exoge-Ca21-dependent activation mechanism might be shared
nously added CaM inhibits IICR in permeabilized A7r5between these two intracellular Ca21 release channels.
cells with an IC50 of 4.6 mM if [Ca21]c was 0.3 mM orThe IP3/Ca21 signaling pathway modulates various
higher. The result indicates that the shape of the Ca21-neuronal processes, including excitability, associativity,
dependent inactivation curve of the IP3R is actually mod-neurotransmitter release, synaptic plasticity, gene tran-
ified depending on the concentration of CaM.scription, and nerve growth (Berridge, 1998; Takei et al.,
We have demonstrated that CaM also binds to resi-1998). Cerebellar Purkinje cells have high levels of IP3R1 dues 1558±1596 of the IP3R2 in a Ca21-dependent man-(Ross et al., 1989; Furuichi et al., 1993) and CaM (Lin et
ner (Yamada et al., 1995). In contrast to the IP3R1 andal., 1980) and reveal long-term depression (LTD) of the
IP3R2, the IP3R3 does not bind CaM even in the presenceeffectiveness of synaptic transmission. Analyses of
of 1.5 mM Ca21 (Yamada et al., 1995). Hagar et al. (1998)
IP3R1-deficient mice (Inoue et al., 1998) and the effect showed that the IP3R3 in RIN-5F cells is activated mono-of the competitive IP3R blocker heparin (Kasono and tonically with increased cytoplasmic Ca21 concentra-
Hirano, 1995; Khodakhah and Armstrong, 1997) and the tion. Ramos-Franco et al. (1998) showed that partially
IP3R1-specific monoclonal antibody that blocks the purified IP3R2 isolated from ventricular cardiac myo-
channel (Inoue et al., 1998) revealed that the IP3R1 is cytes does not show the bell-shaped dependence on
essential for induction of LTD at the parallel fiber± cytoplasmic Ca21. The Ca21 dependence of the IP3R2
Purkinje cell synapse. In nonneuronal cells such as Xen- reconstituted into planar lipid bilayers had a sigmoidal
opus oocytes, IP3 is a global messenger that liberates shape: the channel was not inactivated at high concen-
Ca21 throughout the cytoplasm (Allbritton et al., 1992), trations of Ca21. The CaM-binding region of the IP3R2
but, in Purkinje cells, repetitive activation of the parallel is located in a similar position to the IP3R1, and these
fiber±Purkinje cell synapses causes IICR that is re- two regions possess marked amino acid sequence ho-
stricted to individual postsynaptic spines (Finch and mology (Yamada et al., 1995). Examination of the effect
Augustine, 1998; Takechi et al., 1998). The spatially re- of CaM on the purified IP3R2 may help clarify the regula-
stricted IICR might contribute the input specificity of tory action of CaM on the IP3/Ca21 signaling pathway.
LTD. In Purkinje cells, the IP3R1 is distributed throughout Is CaM alone sufficient to restore the Ca21 sensitivity
ER in all parts of the cell, including dendritic spines of the purified IP3R1? The Ca21 dependency of the W-7-
treated microsomal IP3R (Figure 7B) is quite similar to(Maeda et al., 1988; Ross et al., 1989; Satoh et al., 1990).
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Bers (1982). A CaCl2 standard (0.1000 6 0.0005 M, Orion Research)that of the purified IP3R (Figure 2B), but they are not
was used to prepare the solutions. A stock solution of K-Ca-HEDTAalways identical. It is known that various other auxiliary
was made by the pH metric method described by Tsien and Pozzanproteins, such as FKBP12 (Cameron et al., 1995a) and
(1989). Apparent dissociation constants were estimated to be 0.10
calcineurin (Cameron et al., 1995b), interact with the mM (Ca±EGTA) and 2.36 mM (Ca-HEDTA) at 238C. Free Ca21 concen-
cerebellar IP3R. It was also reported that IP3 itself affects trations in the solutions used were calculated with a computer pro-
gram WinMAXC (version 1.70) (Bers et al., 1994) and confirmedthe Ca21 sensitivity of the cerebellar IP3R (Kaftan et al.,
with a Ca21-sensitive electrode (Metrohm). The cis chamber was1997). Reconstruction of the Ca21 sensitivity of the puri-
connected to the head stage input of an AxoPatch 1D amplifierfied IP3R will allow us to elucidate not only the molecular
(Axon Instruments) by an Ag/AgCl electrode and an agar/KCl bridge.mechanism of the Ca21-dependent regulation of the
The trans solution was held at ground potential. Single-channel
IP3R, but also the molecular basis of generation of intra- currents were measured by a voltage clamp technique at room
cellular Ca21 dynamics observed in neuronal cells. temperature (z238C). The cis side corresponds to the cytoplasm,
and all compounds (IP3, ATP, CaCl2, K-Ca-HEDTA, heparin, de-N-
sulfated heparin, CaM, and CaM antagonists) were added to the cisExperimental Procedures
side. In all figures, downward currents represent cation flow into
the cytosol (cis) from the organellar lumen (trans) (Bertl et al., 1992).Purification of IP3R from Mouse Cerebellum
IP3 was purchased from Dojindo. ATP was purchased from Phar-and Reconstitution of IP3R into Liposomes
macia Biotech. Heparin and de-N-sulfated heparin were purchasedIP3R was purified from mouse cerebellum using an immunoaffinity
from Sigma. W-7 was purchased from Seikagaku Corporation. Thecolumn conjugated with the anti-pep6 antibody as described pre-
CaM-binding domain peptide of CaMKII was purchased from Cal-viously (Nakade et al., 1994; Hirota et al., 1995). Purified IP3R was
biochem.reconstituted into lipid vesicles as described previously (Hirota et
al., 1995).
Data Analysis
Single-channel currents were amplified by a patch clamp amplifierPreparation of Mouse Cerebellar Microsomes
and stored on a videocassette tape recorder through a PCM con-Mouse cerebellar microsomes were prepared as described pre-
verter system (VR10B, Instrutech) at 37 kHz. Data were reproducedviously (Watras et al., 1991) with minor modifications. Mouse cere-
and low-pass filtered at 1 kHz by a filter with Bessel characteristicsbellum was homogenized in buffer A (5 mM NaN3, 0.1 mM EGTA, 1
(48 dB/octave) (model 3625, NF Instruments), sampled at 10 kHz,mM 2-mercaptoethanol, and 20 mM HEPES [pH 7.4]) containing a
and analyzed on a Macintosh computer by using TAC (version 2.5.1,set of protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 10
SKALAR Instruments), Patch Analyst Pro (version 1.2.1, MT Corpo-mM leupeptin, 10 mM pepstatin A, and 10 mM E64) in a glass-Teflon
ration), and Igor Pro (version 3.01, WaveMetrics) software. Single-Potter homogenizer with 10 strokes at 1,000 rpm. The homogenate
channel amplitudes were determined by fitting Gaussian curves towas centrifuged for 20 min at 4,000 3 gmax. The supernatant was
the all-point amplitude histograms of the data filtered at 1 kHz. Forcentrifuged for 30 min at 90,000 3 gmax, and the pellet was resus-
lifetime analysis, a digital Gaussian filter was applied on the datapended in buffer B (600 mM KCl, 5 mM NaN3, 20 mM Na4P2O5, 1
to decrease the false event rate (Colquhoun and Sigworth, 1995).mM 2-mercaptoethanol, 10 mM HEPES [pH 7.2]) containing the
Typically, the effective cutoff frequency (23 dB frequency, fc) ofprotease inhibitors to a final concentration of z3 ml/g cerebellum.
filters of 0.5 kHz was sufficient to prevent bilayer noise from beingThe suspension was centrifuged for 20 min at 4,000 3 gmax, and the
falsely recognized as channel openings. Opening events were de-supernatant was centrifuged for 30 min at 63,000 3 gmax. The pellet
tected from the filtered records by the half-amplitude thresholdwas suspended in an appropriate volume of buffer C (10% sucrose,
crossing technique (Colquhoun and Sigworth, 1995), and idealized1 mM 2-mercaptoethanol, 10 mM MOPS [pH 7.0]) containing the
records were constructed. Channel open probability was measuredprotease inhibitors, frozen in liquid nitrogen, and stored at 2808C.
from the idealized records greater than 3 min.
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